Background: Climate change is a significant and long-term change in the weather patterns over periods ranging from decades to millions of years. The impacts of climate change have been drawn more and more worldwide attention. To study the impacts, general circulation models (GCMs) were developed to simulate climate change at a global scale. The climate information obtained from GCMs is usually at a fairly coarse resolution. In comparison, regional climate models (RCMs) work in a small area of interest and can provide climate information at resolution as fine as 25 -50 km. When higher resolution climate information is needed and the applied RCMs are incapable of undertaking the task, statistical downscaling techniques can be introduced to acquire the desired climate information. In this study, three interpolation methods are applied to downscale regional climate model (RCM) results for higher resolution climate information at 10 km. Results: The results indicated that the three interpolation methods could generate high-quality estimates at 10 km grids. The downscaled RCM results approximated to the 10 km official data which was published by Agriculture and Agri-Food Canada, Government of Canada. Compared with the results of IDW and spline methods, the results obtained from kriging method generated smoother interpolation map and showed modest variations in the difference map. Conclusions: All the three interpolation methods could fulfill the task of downscaling the RCM results from 25 km to 10 km. Overall, kriging interpolation method showed better performance than the other two methods in this study.
Background
Climate change is a significant and long-term change in the weather patterns over periods ranging from decades to millions of years (Gabri 2012) . Around the world, landscape is changing, temperature is rising and season is shifting. The impacts of climate change are drawing more and more worldwide attention. Across Canada, all the provinces and territories are experiencing the effects of a changing climate, though the specific impacts vary by region (Lemmen et al. 2008) . In order to enhance knowledge and scientific expertise on the effects of climate change in the province of Ontario, Ontario Ministry of the Environment sponsored a project titled "Regional Climate Modelling over Ontario using UK PRECIS" to study climate change in this region (Center for Studies in Energy and Environment 2011). PRECIS (Providing Regional Climates for Impacts Studies) is a well-established regional climate modelling system that can help to provide high resolution climate information for impacts studies worldwide. Different from General Circulation Models (GCMs), which simulate the change in climate at a global scale and provide a fairly coarse horizontal resolution (usually over 100 km) in climate information, the Regional Climate Models (RCMs) work in a small, limited area of interest and can give climate information at resolution as fine as 25 -50 km (Jones et al. 2004) . In this project, the climate information outputted from the PRECIS regional climate model was at a resolution of 25 km.
Over the past decades, the application of interpolation techniques had drawn more attention in climate analysis, and GIS-based spatial interpolation methods had been widely employed for climate analysis (Jeffrey et al. 2001; Naoum and Tsanis 2004; Hijmans et al. 2005; Hong et al. 2005; Van der Heijden and Haberlandt 2010; Wu and Li 2013) . Naoum and Tsanis (2004) introduced several common interpolation methods in GIS and compared the performance of each method in a case study of rain gauges in Switzerland. They concluded that the spline_tension, IDW, and kriging methods could be able to provide reliable results. Hijmans et al. (2005) applied a spatial interpolation technique to obtain a very high resolution climate surface for global land areas. They applied the thin-plate smoothing spline algorithm for interpolation. In order to improve the overall accuracy of results, the authors suggested spatial interpolation could be carried out at a regional scale. Hong et al. (2005) employed spline interpolation techniques to develop a gridded climate database for China. They concluded that the thin-plate soothing spline interpolation method was better than other methods, especially, in computation efficiency and accuracy. Van der Heijden and Haberlandt (2010) employed four interpolation techniques, which are nearest neighbor (NN), inverse distance weighting (IDW), ordinary kriging (OK) and kriging with external drift (KED), to figure out which interpolation method would have strong influence on daily discharge and monthly nitrate simulation within a SWAT model. They concluded that kriging with external drift interpolation method generally outperformed the other interpolation methods in their case study. Overall, the past studies indicate interpolation techniques are feasible and effective ways for climate analysis. However, there is no specific technique suitable for all cases. The best way is to apply different techniques in the same study and to see which one outperforms others.
This study is based on the project "Regional Climate Modelling over Ontario using UK PRECIS". In the project climate information was provided at a resolution of 25 km. However, when higher resolution climate information such as 10 km climate information is demanded in researches, the applied PRECIS regional climate model may become incapable for the demand. Statistical interpolation techniques, therefore, can be introduced to fulfill the task. The higher resolution climate information can be obtained through downscaling the previous RCM results. In this study, three interpolation methods, inverse distance weighting (IDW), spline, and kriging, are employed to downscale the results of the project from 25 km to 10 km. There are two major purposes for this study: (1) verifying the applicability of interpolation techniques in downscaling the results of regional climate model and (2) identifying which technique provided in ArcGis outperforms others. The 25 km RCM results obtained from the baseline of the project are interpolated via the three interpolation methods in ArcGIS. To assess the performance of the three interpolation methods in downscaling the RCM results, the 10 km official data provided by Agriculture and Agri-Food Canada, Government of Canada, are collected for further comparison.
Results and discussion
The three interpolation methods were employed respectively to generate the 25 years annual mean temperature map over the province of Ontario. Two types of spline interpolation method -regularized type and tension type were applied in this study. In kriging methods, we applied ordinary kriging (OK) method. Three ordinary kriging models, spherical, exponential and linear model, were assessed respectively. In Figure 1 , it showed the 25 years annual mean temperature interpolation map generated by IDW and the two types of spline method. The interpolation map of IDW method was shown in the map A of Figure 1 . From this map, we obtained a general temperature trend in the province of Ontario: the north of Ontario had the lowest annual mean temperature while the south had the highest. This corresponded to the common sense that the temperature usually decreases as the latitude increased in the Northern Hemisphere. Same conclusion can also be obtained from the maps B and C in Figure 1 . Compared the interpolation map of IDW method with that of spline method, we could see that spline method generated much smoother map than IDW method; however, there was no apparent difference between the maps of the two types of spline methods. The Figure 2 compared the interpolation maps of the three models in ordinary kriging method. There was no visually detectable difference among the three interpolation surfaces. Next, the comparison among the three interpolation methods was given in Figure 3 . Compared with the IDW and spline methods, the ordinary kriging method could generate the smoothest interpolation map. In this map, the highest annual mean temperature is 10.53 degree Celsius while the lowest is -6.62 degree Celsius. There was no much difference in the highest mean temperature among the three maps; however, the lowest mean temperature from the spline method was lower than the other two methods more than one degree Celsius. Table 1 summarized the results of the six applied interpolation approaches. We could see that all the six approaches' interpolation results were higher than the official 10 km data. Their mean values were approximately 0.64 degree Celsius higher than the official data. Interestingly, their standard deviations were quite same.
In order to assess the downscaled RCM results in terms of how well the interpolated estimates fit the 10 km official data, the interpolated estimates were extracted from the interpolation map based on the coordinates of 10 km official data. After the interpolated estimates were obtained, a statistical software named Minitab was employed for further analysis. The Figure 4 showed the scatter plots of the six approaches. We could see that although the left tail was slightly away from the 45 degree line, most of the points fell around the 45 degree line indicating the interpolated estimates well approximated to the 10 km official data. In addition, the statistic index, R-Sq, pointed out how well the interpolated estimates fit the official data and the higher the R-Sq was, the more fit the estimates would be. In this study, all the R-Sq values from the six approaches were 98% except spline method with regularized type; but it was merely 0.1% lower than the other approaches. Accordingly, all the six interpolation methods could generate well estimates at the 10 km official data's grids. Consequently, we concluded that all the three interpolation methods (IDW, spline and kriging) could be qualified to fulfill the task of downscaling RCM results for higher resolution climate information in regional scale. Furthermore, in order to examine the difference between the interpolated RCM estimates and the 10 km official data, the dataset that contains the difference was constituted by subtracting the values of the official data from the values of the interpolated estimates. The difference map was shown in Figure 5 . The red color indicated the interpolated estimates were overestimated, while the blue color indicated the interpolated estimates were underestimated. The light green area implied the difference between the interpolated estimates and the official data was insignificant in this area. From Figure 5 , we could see that the interpolated estimates were overestimated in the most areas of the middle Ontario and the interpolated RCM estimates well approximated to the 10 km official data in the Northeast and the partial south areas of Ontario. Only in several small areas of the north Ontario, the interpolated estimates were underestimated. The difference maps for the three interpolation methods were given in Figure 6 . Compared with the difference maps of IDW and spline methods, the difference map for kriging method showed relatively modest variations in color. This implied the interpolated estimates from kriging method had the smallest difference with the 10 km official data.
Conclusions
Three interpolation methods, IDW, spline and kriging, were employed in this study to assess their performance for RCM downscaling. Compared with IDW and spline methods, the kriging method could create smoother interpolation map. After their interpolation maps were obtained, the RCM interpolated estimates at official 10 km grids were extracted from the interpolation maps based on the coordinates of the official data. The interpolated estimates were further analyzed via a statistics software. The results showed that the 25 years annual mean temperatures obtained from the three interpolation methods were around 0.64 degree Celsius higher than the official data, indicating general overestimation in the interpolated results. However, the overestimation did not significantly influence the results of interpolated estimates since the statistic index, R-Sq, indicated the interpolated estimates well approximated to the 10 km official data. In order to assess the difference between the interpolated estimates and the 10 km official data, the difference maps over the province of Ontario were generated. In most area of middle Ontario the interpolated estimates were overestimated while the differences were small in the Northeast and partial south Ontario. Compared the three difference maps obtained from the three interpolation methods, the map of kriging method showed modest variations in color. Therefore, the interpolated estimates from kriging method were closer to the official data. In conclusion, all the three interpolation methods in GIS could fulfill the task of downscaling the RCM results from 25 km to 10 km. The downscaled RCM estimates approximated to the official 10 km data. In this study, the kriging method showed better performance than the other two methods. It generated smoother interpolation map and had modest variations in the difference map.
Methods

Study area
Ontario is Canada's most populous province and second largest province in total area. It is home to the nation's most populous city, Toronto and the nation's capital, Ottawa. The total area of Ontario is 1.1 × 106 km 2 , of which 85.3% is land and 14.7% is water (http://en.wikipedia.org/ wiki/Ontario). Two-thirds of Ontario is covered by the Canadian Shield, which contains Precambrian rocks that are over 570 million years old. The rest Ontario in the north are the Hudson Bay Lowlands, consisting of swamp, meadow and forest. The landscape of Ontario is characterized by forests. Sixty-six per cent of Ontario is classified as forested land, totaling 0.7 × 106 km 2 , which accounts for about 2% of the world's forests. (http://www.ontario.ca/government/about-ontario). The climate in Ontario is humid continental in the south and subarctic in the north. The large bodies of water within the province have a moderating effect on climate, making summer and winter temperatures less extreme and the difference between day and night temperatures smaller. During the past decades, climate change has brought many impacts upon human societies around the world, including Ontario. The Ontario government has conducted many researches and programs to help people adapt to the effects that are already being experienced, as well as the future effects of climate change (Baldwin et al. 2000) .
Data collection & project procedures
Two sets of datasets were employed in this study. The primary dataset, 25 km regional climate modeling (RCM) data over the province of Ontario, was obtained from the website (http://env.uregina.ca/moe/). This RCM result dataset over the province of Ontario was generated by a well-established Providing Regional Climates for Impacts Studies (PRECIS) model. In this study, the annual mean temperature would be taken into consideration and this dataset would be processed as the source dataset that to be interpolated through the three interpolation methods in ArcGIS.
The secondary dataset, daily 10 km gridded climate dataset for Canada 1961-2003, was obtained from the website (www.agr.gc.ca/nlwis-snite/index_e.cfm). It was provided by Agriculture and Agri-Food Canada, Government of Canada. The Daily 10 km Gridded Climate dataset for Canada south of 60°north contained the coordinates of locations as well as the associated daily maximum temperature, minimum temperature, and precipitation data. In this dataset, the desired climate information for 10 km was stored in a number of individual files and the climate information was offered by daily data. Therefore, pretreatments of this dataset was necessary for obtaining the climate data that contained annual temperature information in one file. The desired 10 km annual mean temperature dataset could be obtained based on the data of maximum and minimum temperature.
The primary dataset was based on the period of 1979 to 2009 while the secondary dataset was based on the period of 1961 to 2003. Therefore, we considered the period of 1979 to 2003 as our study period and the 25 years mean temperature would be studied. The flowchart of this project was given in Figure 7 . It showed the detailed procedures of this study.
Spatial interpolation methods in a GIS
The following is a brief introduction of the interpolation methods available in ArcGis desktop 10.
Inverse Distance Weighting (IDW)
Inverse distance weighting (IDW) is an interpolation method that interpolated estimates are made based on values at nearby locations weighted by distance from the interpolation location. IDW works under a basic assumption that nearby points ought to be more closely related to the value of interpolated location than distant points (Naoum and Tsanis 2004) . In IDW method, estimation at interpolated location is a weighted linear combination, with the weights λ ι being inversely proportional to the square distance between sampled location μ ι and the point of estimate μ (Van der Heijden and Haberlandt 2010):
Spline
Spline interpolation consist of the approximation of a function by means of series of polynomials over Figure 7 Flowchart of the study.
nearby intervals with continuous derivatives at the end-point of the intervals (Naoum and Tsanis 2004) . Smoothing spline interpolation enables the variance of the residuals over the dataset being controlled. The interpolation estimates are calculated by an iterative algorithm. In spline interpolation, the interpolated surface must precisely pass through the data points; meanwhile, the surface must have minimum curvature (Naoum and Tsanis 2004) . ArcGIS provides two types of spine interpolation methods which are regularized type and tension type.
Kriging
Kriging is based on regionalized variable theory that provides optimal interpolation estimates at given coordinate locations. It involves an interactive investigation into the spatial behavior of the phenomenon before outputting the interpolation surface. In the regionalized variable theory, it assumes that the spatial variation is statistically homogeneous through the surface, which means the same pattern of variation can be captured at all locations on the surface. The hypothesis of spatial homogeneity is the basis of the regionalized variable theory (Naoum and Tsanis 2004) .
